ABSTRACT Micellar-enhanced ultrafiltration (MEUF) is a surfactant-based separation technique and has been investigated for the removal of heavy metals from wastewater. The performance of heavy metals removal from wastewater through MEUF relies on membrane characteristics, surfactant properties, various operational parameters including operating pressure, surfactant and heavy metal concentration, pH of the solution, temperature, and presence of dissolved solutes and salts. This study presents an overview of literature related to MEUF with respect to the all significant parameters including membranes, surfactants, operating conditions and MEUF hybrid processes. Moreover, this study illustrates that MEUF is an adaptable technique in various applications. Nowadays water contamination caused by heavy metals has become a serious concern around the globe. MEUF is a significant separation technique in wastewater treatment that should be acknowledged, for the reason that removal of heavy metals contamination even at lower concentrations becomes achievable, which is evidently made known in the presented review. Hybrid processes presented the better results as compared to MEUF. Future studies are required to continue the experimental work with various combinations of surfactant and heavy metals, and to investigate for the treatment of concentrated solutions, as well as for real industrial wastewater.
Introduction
Heavy metals have been noticed as a significant pollutant in wastewater which leads to serious health problems and damages the natural water sources [1] . Various techniques were employed to remove targeted heavy metals, including precipitation, adsorption [2, 3] bio-sorption [4] , ion exchange [5] and reverse osmosis [6] . In the last two decades micellar-enhanced ultrafiltration (MEUF) as a surfactant-based separation technique has achieved great attention for heavy metals removal from aqueous solution. This technique combines the high removal efficiency of reverse osmosis (RO) and the high permeate flux of ultrafiltration. In this technique molecular weight of pollutant molecules is enlarged through application of surfactants. It occurs above critical micelles concentration (CMC), at which surfactant monomers agglomerate into micelles, having large size than pore size of ultrafiltration membranes. The micelles can be rejected by ultrafiltration membrane while the surfactant monomers can pass through [7] . The main advantage of MEUF over conventional ultrafiltration is that even at lower concentrations molecules usually too small to be rejected by ultrafiltration membranes can bind to the micelles because of ionic or hydrophobic interactions and subsequently separated together with them in the ultrafiltration step. The performance of complex MEUF process depends on a variety of parameters such as membrane characteristics, surfactant properties, operating conditions, and dissolved solutes. Many studies have been carried out to investigate the performance of MEUF and how it was influenced by aforementioned parameters. Commonly, there are no universal experimental conditions that can be applied to MEUF experiments. In fact, experimental parameters have to be selected based on the individual system and this review gives an overview of MEUF efficiency with respect to selected operational parameters. Previous studies have been encapsulated with respect to membrane characteristics, surfactant properties, and operational parameters by using single or mixed micellar solutions, dissolved solutes and further applications. 
Micellar Enhanced Ultrafiltration (MEUF)
MEUF is a separation technique used for the removal of heavy metals, organic or inorganic pollutants from wastewater streams. In this technique surfactant is added in to an aqueous stream to form micelles above their CMC which is the minimum concentration of surfactant at which micelles formation starts. The aggregated surfactant monomers known as micelles and metal ions tend to be soluble by these micelles due to electrostatic or Van der Waals force. Afterwards, an appropriate molecular weight cut-off (MWCO) ultrafiltration membrane is used for filtration of the micelles solution which is capable to retains the micelles containing pollutants [8] . MEUF separation technique is considered due to its low operating cost, high permeate flux and better removal efficiency which is the combination of high selectivity of the reverse osmosis and high flux of ultrafiltration [9] . A schematic diagram of MEUF process is shown in Fig. 1 .
MEUF Parameters and Their Selection
The performance of MEUF depends upon material selection of ultrafiltration membranes and other characteristics, properties of surfactants, operating parameters, and dissolved ions in the solution as shown in Fig. 2 . In the following sections, these parameters and their influence on MEUF performance are summarized.
Surfactants
The literature studies presented 23% of Cu 2+ removal [10] and 15% CrO 4 2− by using PAN membrane [11] , 24% rejection of Cu 2+ and Co 2+ when PES membrane was used [12] , 4% Ni 2+ and 5% Zn 2+ was retained by regenerated cellulose membranes [13] in the absence of surfactants. These results proved the importance of surfactant application in MEUF process and a suitable surfactant selection is one of the main factors considered in this separation technique. The CMC expresses micelles formation which is measured on the basis of change of physical properties of the solution most commonly electrical conductivity and surface tension. Various available surfactants are classified into four main types; anionic, cationic, nonionic, and amphoteric.
Mostly ionic surfactants are preferred in MEUF process due to their ion-pair complex formation ability with opposite charged ions for the removal of metal ions from aqueous solution through ultrafiltration. The addition of the nonionic surfactant decreases the CMC of ionic surfactants significantly to form mixed-micellar solutions. Some surfactants having properties of both ionic and nonionic surfactants are attractive due to their low CMC. These surfactants are very helpful for the metal removal and surfactants recovery as well because at high pH, the metal ions can bind to the micelles and can be released later by lowering the pH value [14] . Another group of surfactants with low CMC is twin-headed cationic surfactants [7] . The characteristics of some selected surfactants are presented in Table S1 . Generally, medium size of micelles are considered, but change of surfactant concentration even during experimentation results in change of micellar aggregates like spherical or ellipsoid which ultimately change micelles size as studied a change in sodium dodecyl sulfate (SDS) micelle size with increasing SDS concentration [15] . When surfactant concentration increased viscosity of the solution goes higher as stated in a case of Triton X-100 (TX-100) solutions [16] . The different ionic environments can be the reason of micelles size change [17] and further change can be due to incorporated hydrophobic matter. The micelles size also depends on temperature as reported a decrease in SDS micelle size with increasing temperature [15] . It is indicated that surfactant/membrane interaction and the complex micellization behavior should be considered for the evaluation of MEUF as mentioned in previous studies [18] [19] [20] . Generally, in many cases by increasing surfactant to solute ratio higher removal efficiency was observed, mostly obtained above value 10 of surfactant to solute ratio [13, 14] . But at higher concentration of surfactant permeate flux drops drastically as a result of an adsorption layer formation on surface of the membrane. There are number of studies for various surfactants investigation with respect to MEUF performance are presented in Table 1 .
It is concluded that in surfactant selection large size micelles formation, low CMC, high solubility of the solute, lower adsorption ability on to the membrane surface and biodegradability are considering factors for better MEUF performance. But all at the same time is not possible therefore; a good solute/surfactant interaction is considered as the basic criteria because otherwise solute removal cannot accomplished in MEUF process. Moreover, surfactants with low CMC and easily biodegradable are preferred due to economical point of view especially where post-treatment is required for surfactant removal. The economic feasibility of the process could be managed by reducing CMC of surfactant by adding non-ionic surfactant [28, 29] but removal efficiency of metals decreases slightly with increase of non-ionic surfactant concentration. For example chromate removal was decreased from 93.7 to 84.8% when concentration of non-ionic surfactant Tween 80 (TW-80)was increased from 10 to 25 mM in the feed solution [30] . In another study at high molar ratio of non-ionic surfactant Brij in the solution not only the CMC of anionic surfactant (SDS) decreased but cadmium removal efficiency was also decreased [25] . Other studies presented the similar results such as for Cr 3+ removal by using nonylphenol ethoxylate (NPE) [31] , and for zinc removal when NPE was used [32] . Few selected studies with addition of nonionic surfactants are presented here in Table 2 .
MEUF single and mixed systems
The literature for the removal of single metal ion from solution is presented in Table 3 and previous studies about mixed ion solution are shown in Table 4 . By using an appropriate surfactant, the size of the "ion" is enlarged and separation of those ions becomes possible by ultrafiltration. Mostly ionic surfactants with opposite charge to the targeted metal ion are in application for better performance of MEUF process.
Furthermore, in literature simultaneous removal of multiple ions via MEUF process has also been investigated. An overview 
Membranes
An appropriate membrane selection is a basic criterion for the required separation. In membrane selection most significant points [39, 60, 61] . In PA membranes micelle adsorption occur preferentially on the hydrophilic surface rather than hydrophobic surfaces of ceramic or PS membranes [62] . In hydrophilic membranes more than one layer either a second layer is adsorbed on the first layer or adsorbed clusters are formed where hydrophilic head groups are in the outer layer and make the surface more hydrophilic as shown in Fig. 3 .
On the other hand, surfactant adsorption phenomena on hydrophobic membrane surface are either formation of a monolayer or semi-spherical clusters. The tail groups are adsorbed on to the hydrophobic membrane surface and are in direct contact to the aqueous medium while adsorption of head groups occurs on to hydrophilic membranes surface Fig. 3 [63] . The MWCO of the membrane corresponds with pore size and has to be selected according to the size of micelles. Larger pore sized membranes are known to cause earlier development of the concentration polarization and reduced the release of the surfactant at the permeate [39] . A comparative study to investigate metal ions removal by using different material and pore size membranes is presented in Table 5 . 
Operating parameters affecting MEUF process
Efficiency of the MEUF process depends upon various operating parameters including, operating pressure, type and concentration of surfactant, pH of the solution, temperature, presence of additives, and the presence of ions and salt. Effects of these parameters on the removal efficiency of heavy metals through MEUF process are summarized below.
Effect of operating pressure
In MEUF pressure is the driving force for ultrafiltration which is much lower than nano-filtration for the removal of small sized molecules. Various studies conducted to investigate the influence of pressure on MEUF performance for the removal heavy metals. MEUF application for hexavalent chromium ion removal depicted that flux variation at three different pressure values is negligible due to least effect of concentration polarization. While, CPC retention increased at high pressure due to the compaction of the micellar aggregation layer (MAL) [47] . In the removal of single metal ion it was reported that there is no significant effect of transmembrane pressure on the metal removal [61] . Another study presented that transmembrane pressure (TMP) had significant influence on the flux. [19] .
The average chromate removal efficiency was 82%, 81% and 77% at retentate pressure of 0.2, 0.18 and 0.14 MPa, respectively. At higher pressure layers at membrane surface are compacted and causing more retention of a broken micelle [70] . As a result of pressure increase a secondary resistance to the metal ions passing through the membrane was increased quickly [23] . The CPC in permeate increases with the increase of pressure but not higher than CMC and only possible if CPC concentration in the feed solution exceeds the critical feed concentration [47] . A relation between N-lauryl-N,N-dimethylaminoxide (LDAO) a non-ionic surfactant concentration in the feed solution and the total permeate flux was studied at 0.3 and 0.5 MPa pressure [71] . Independent of pressure, total permeation fluxes decreased in the range of 0.012-0.03 by weight % of surfactant concentration in the feed [60] solution and farther than this range results were similar to pure water. Above CMC, surfactant passage to permeate decreased when applied pressure was increased because membrane resistance to LDAO was increased due to compaction of membrane. According to this study surfactant pre-micelles exist in dynamic conditions that is in agreement as reported in another paper [72] . It can be concluded that at higher pressure the layers at membrane surface are compacted and causing more retention by providing a secondary resistance to the metal ions and micelles passing through the membrane and resultantly higher removal efficiency especially surfactant retention was achieved. , and Cr 3+ from aqueous solutions by using SDS indicated that a sharp decrease in permeate flux was noted when SDS concentration goes beyond 5 mM although CMC of SDS is 8.3 mM. It was assumed theoretically that below CMC, no micelles are present in the solution, however it concluded that may be there is an accumulation of SDS at the membrane surface. The removal efficiency of each metal ion except Cs + increased along with increment of surfactant to metal ratio but above 10 there was no significant effect on metal removal efficiency [61] . The chromate and nitrate removal efficiency through MEUF was increased when surfactant concentration was on higher side as expressed in terms of molar ratio ranges (1:1:10) chromate/nitrate and CPC ratio, respectively. Another study done by the same author for chromate and ferric cyanide removal by using CPC presented the similar results as aforementioned [73, 74] . The chromate removal was found 99.5%, 98.6% and 77.0% and CPC removal efficiencies were 76.2%, 60.7% and 53.5%, at the molar ratios of 1:10, 1:5 and 1:2, respectively [11] . In this study permeate flux was noted as 33. .h for the molar ratios of chromate to CPC at 1:2, 1: 5 and 1:10, respectively. The accumulation of more micelles occur on the membrane surface at higher CPC concentration which reducing the driving force and therefore, decreasing the permeate flux [11] . A previous study about the influence of CPC surfactant molar ratios on the removal of nitrate and phosphate presented the similar results [73] .
Effect of surfactant concentration
The permeate flux and chromate rejection was studied as a function of CTAB surfactant concentration in the feed solution at a fixed concentration 2.10-4 M of chromate feed solution. It was illustrated that chromate rejection was above 80%, even below the CMC of surfactant, where micelles are not present. The higher surfactant concentration causes a gel layer formation on the membrane surface which shows micelles presence and results in concentration polarization [40] . Zinc rejection studies by using low surfactant concentration with anionic nonionic surfactant mixture reported analogous results [32] . The surfactant removal is a significant factor for the effluent to be discharged in to the environment. The removal of CPC surfactant was increased from 80% to 95% when the surfactant concentration in the feed solution increased from 5 to 10 mM [34] . Due to the concentration polarization CPC concentration at the membrane surface reached CMC even though the feed solution concentration was less than CMC.
Previous studies showed that it resulted in higher surfactant removal efficiency through MEUF [40, 47, 55, 56, 75] . Arsenic (V) removal was 98% at 1-3 mM CPC concentration by using large MWCO membrane [39] . Several studies for heavy metals removal by using anionic surfactants such as SDS and sodium dodecyl benzonate sulfonate (SDBS) showed that at CMC molar ratio of SDS to copper of 5:1 was efficient for the removal of copper [76] . Moreover, 93% copper removal efficiency was reported at 8.5 mM SDS concentration. The removal of Zn 2+ increases with increasing the surfactant to metal ratio as expressed at or above 24.4 ratio of SDS to Zn 2+ the retention of Zn 2+ rises up to 91% [77] . The retention of Cr 3+ below CMC of SDS was 33% increased up to 99% at the CMC [31] . A comparative study of anionic surfactants such as SDBS and SDS indicated that SDBS was more efficient for the removal of heavy metals as well as for the organics [74, 78] .
The micelles size plays an important character in the removal of a targeted ion in MEUF process. As expressed in literature that micelle normal size is 5.07 nm at CMC of SDS, while beyond CMC micelle size decreased and its shape was changed. As concern to ultrafiltration membrane linear molecule passes through but globular molecules with similar molecular weight may be retained [79] . It was observed that solubilization capacity of the CPC micelle decreased on farther addition of CPC above 30 mM [80] . CMC of surfactant depends upon various parameters such as temperature, pH, presence of non-ionic surfactant and inorganic salt. It was noted that CMC of ionic surfactants is much higher than nonionic surfactants even though containing equivalent hydrophobic groups in an aqueous medium [81] . CMC of some selected surfactants is presented in Table 7 . Flux decline is caused by several factors such as concentration polarization, fouling, adsorption of surfactant, gel layer formation, and pore plugging. . The surfactant concentration in permeate is always lower than CMC of surfactant regardless of concentration in the feed solution. It is evident from previous studies that higher concentration of surfactant resulted in higher micelles formation and ultimately enhanced the metal ions removal but it produced more severe secondary pollution problem for further treatment.
Effect of pH
Literature review showed that pH of solution has a significant influence for heavy metals removal through MEUF process. The removal efficiency of cationic metals was increased at higher pH values by the ultrafiltration membrane when SDS was used as surfactant [61] . Due to the competition between H + and cationic metal ions at lower pH resulted in decreased removal efficiency. Another study presented that there is no effect of pH in the case of Sr 2+ and Cr 3+ removal but retention of Cd 2+ increased from 83 to 99% when the pH of feed solution was changed from 3 to 11 at a fixed cadmium and SDS concentration 100 mg/L and 8 mM, respectively [25] . The arsenic removal was also influenced by pH, at low pH the removal of arsenic was low regardless of the membrane MWCO and its type. As(V) is neutral at pH 1.0, changes from neutral form to mono-anionic form between pH 2.22-6.98 and at 6.98 mono-anionic form dissociate in to di-anionic form of As(V). The binding of di-anionic arsenate is greater to the micelles of surfactant due to which higher removal of arsenic was found at pH 8. In this study arsenic concentration in permeate was noted as 20 ppb and 0 ppb at pH of 5.5 and 8, respectively, with an initial arsenic concentration of 221 ppb when 10 kDa, PES membrane was used for filtration. But decline of flux was observed as the removal was increased which caused concentration polarization [68] . Another study for arsenic removal presented similar results of the influence of pH by using cationic surfactants: CPC, CTAB and octadecylamine acetate [34] . The removal efficiency was not decreased significantly even at lower pH because of high surfactant concentration. Copper removal through MEUF and activated carbon fiber hybrid process was sharply dropped at a lower pH [10] and other previous work has also reported similar results of pH effect on the removal efficiency of zinc, cadmium and cobalt [82, 83] . The effect of pH in MEUF process is dependent on the nature of solute and surfactant. In case of cations removal, pH is maintained as per required but after filtration, for the easy separation of solute and surfactant pH was lowered [14] . In addition, the interaction between solute and micelles also depends upon the pH value. At lower pH, the adsorption of cations is hindered due to the protons coordination to the micelles when pure anionic surfactants are used, while at higher pH values, more "free" groups are available to trap cations [10] . for 25, 40, and 55°C, respectively [84] . This increase in CMC indicates that the demicellization occurs at high temperature due to the breakage of palisade layer of the micelle, resultantly, detachment of surfactant ions from micellar bulks happened [84] . The permeate flux also increased at high temperature due to the decreases in solution viscosity and thermal expansion of the membrane and this increment of flux causes higher concentration polarization [84] . The krafft point is the temperature at which the solubility of an ionic surfactant becomes equal to the CMC [74] and below this krafft point, precipitation of the ionic surfactant occurred. The cloud point is a temperature above which an aqueous solution of nonionic surfactant will separate into surfactant-rich and water-rich phases. The cloud-point temperature for nonionic surfactants depends upon hydrophilic character of the surfactant as previous studies showed that nonionic surfactants have cloud-point temperature below 100°C, e.g. TX-100 (65°C) or TX-114 (24°C) [85] and this temperature value can change according to the presence of solutes. In case of ionic surfactants cloud-point temperature is higher than 100°C because of the solubility of ionic surfactants increases as temperature rises. Additionally, the viscosity of solution depends upon the temperature and has a significant influence on the filtration process because temperature increase results in viscosity decrease which ultimately increases flux through membrane [7] . The resistance offered by surfactant during filtration was studied which indicated that hexa-decyl tri-methyl ammonium bromide and alkyl poly-glucoside solutions caused a small additional resistance but SDS solution added a strong resistance to the membrane at high temperature. The reason behind the minimum resistance of CTAB solutions is the high krafft point 250C, while krafft point of SDS is 210C [23] . Therefore, it is assumed that gel formation take place and penetrate in to the membrane pores due to stress applied and then transfer to the inactive side of the membrane. The concentration of phenol and surfactant CPC in permeate increases with temperature. The properties of CPC changes like critical micellar concentration, degree of counter-ion dissociation increase and micelles aggregation decrease with temperature increase [86] . Hence, more CPC monomer and phenol molecules pass through the ultrafiltration membrane to product stream. As mentioned earlier permeate flux increases with temperature due to the decrease in viscosity of solution and membrane pore size expansion occurred that ultimately resulted in lower retention of metal and surfactant ions.
Effect of temperature

Effect of dissolved ions
Effect of salt concentration
In previous studies effect of salt addition in feed solution for MEUF separation process, was investigated. The addition of NaCl minimized the surfactant leakage to permeate stream because it drops the CMC of the surfactant which leads to an efficient removal of surfactant micelle through ultrafiltration membranes [75] . The addition of NaCl can decrease the CMC of ionic surfactants because it can weaken the repulsive forces between the head groups, which are usually fighting against the aggregation of surfactant monomers. Thus, in the presence of an electrolyte micelles formation is comparatively easy. Another study presented that Cd 2+ removal efficiency in the presence of NaCl using SDS surfactant concentration 8.0 mM, Cd 2+ concentration 100 ppm at the transmembrane pressure 0.07 MPa, decreased with the increase of the NaCl concentration from 10 to 100 mM [25] . This may be attributed to the cation Na + which can occupy the available binding sites. Resultantly, the Cd 2+ removal efficiency decreases with the increase of the NaCl concentration. In addition anions Cl − presence, can form the complexes with Cd 2+ metal ions [31] . The enhanced polarization concentration on the membrane surface caused by increasing electrolyte concentration resulted in drop of permeate flux when C 16 TAB is used as surfactant. The permeate flux drop in the presence of Na 2 SO 4 was higher than NaCl [87] . The presence of an electrolyte causes a decrease in the CMC of cationic surfactant, the effect being more significant for bivalent as compare to monovalent anion [88] . On addition of salt in a solution water is attracted to salt ions and organics are aided to attach with the micelles due to salting out effect as demonstrated for phenols [78] . It was observed that the repulsive forces of SDS head group monomer decreased in the presence of salt, due to the electrostatic shielding effect results in the formation of a micelle below CMC [25] . The electrostatic attraction between ions and the micelles decreased because of high concentration of electrolyte that actually, compresses the electrical double layer. In case of As(V) and CPC surfactant system, metal closely binds with surfactant which causes decrease in electrical charge and ultimately drop the CMC [68] . The CMC of SDS (0. removal efficiency drops to 53.50% by adding 0.9 mM NaCl at the rate of 0.9 mmol/dm 3 [31] . It may be caused due to the adsorption of sodium cations at the micelle surface competing Cr 3+ and another possibility is the complex formation of Cr 3+ cations with chloride. On the contrary, addition of 1 to 500 mM of NaCl revealed that CPC concentration in the permeate stream decreases from 1 to 0.15 mM as well as chromate removal remains above 90%, even at the concentration of 100 mM of NaCl but removal decline to 46% at 0.5 M of NaCl [40] . A study to investigate the effects of NaCl addition on the removal of two surfactants including CTAB and linear alkyl benzene sulfonate (LABS), indicated that CTAB removal rate was increased from 68% to 98% in the presence of 2 mM and 100 mM of NaCl, respectively. On the other hand, LABS removal rate decreased somewhat from 38% to 34% at the same concentrations of NaCl as mentioned before. Generally, permeate flux decreases by adding electrolyte but metal removal efficiency depends upon the nature of solute. Moreover, the salt ions presence results in a competition with the solute or the surfactant that finally drop the removal efficiency of both metal and surfactant. Despite of disadvantage of the presence of salts in the solution this competition of ions is helpful in separation of surfactant after MEUF process.
Effect of additives
The metal and surfactant removal decrease in the presence of ligands like presence of di-amino ethane tetra-acetic (EDTA), drops copper removal from 95 to 40% as well as SDS concentration in the permeate stream was above CMC [44] . The decrease in copper removal can be elucidated by the competitive complexation of copper with SDS and ligands. In this study three ligands were used and noted different copper removal efficiency for each ligand based on copper-ligand affinity. It was mentioned that 10 9.55 , 10 7.82 , and 10 7.57 are complexation constants of copper with EDTA, nitrile tri-acetate (NTA), and citric acids, respectively and EDTA, competition was strong due to the highest complexation constant which results in lowest copper removal. The addition of CPC favors the complexation between CPC and the Cu-ligands and at molar ratio 1:70 of copper to CPC presented removal of copper above 90%.
Effect of competing metals
Previous studies presented that the presence of other inorganic pollutants inhibit the metal removal from aqueous solution through MEUF process. It was noted that nitrate removal from the nitrate/chromate/CPC system was below 40% at the molar ratios of 1:1:1, 1:1:2, and 1:1:3 (nitrate:chromate:CPC). In addition by increasing molar ratio to 1:1:5 and 1:1:10 nitrate removal efficiency was increased from 65% to 80%. The nitrate removal efficiency was suppressed significantly in the presence of chromate as compare to single component nitrate/CPC system. On the other hand, chromate removal was increased as compare to chromate/CPC system. In the mixed system, removal efficiency of chromate increases from 50%, 71%, 90%, and 98% at the molar ratios of 1:1:1 to 1:1:2, to 1:1:3, and to 1:1:5 (nitrate:chromate:CPC), respectively [65] . The decrease in nitrate removal was because of different binding powers of anions and cationic surfactant micelles. Another study reported that differences in the rejection of nitrate, sulfate, and chromate resulted from the differences in valences of ions in the polyelectrolyte-enhanced ultrafiltration [88] . The ferric cyanide removal from a mixed system of chromate/ferric cyanide/CPC system reported that removal of ferric cyanide increased over 99% at molar ratio above 4, which indicates that presence of chromate has no effect on ferric cyanide binding with CPC micelle because ferric cyanide have due to higher affinity. While, chromate removal by using 3,000 MWCO membrane decreased to 18%, 24%, and 38% and 8%, 18%, and 23% for 10,000 MWCO membrane at 1:1:1, 1:1:2, and 1:1:4 molar ratios, respectively. At higher molar ratios 1:1:6 and 1:1:10, chromate removal was increased to 74% and 98% with MWCO of 3,000 and 64% and 98% in MWCO of 10,000. It is evident that molar ratio below 1:1:4 ferric cyanide compete chromate ions for binding to CPC micelles, as a result, ferric cyanide bound to CPC micelles preferentially, and after saturation chromate to CPC micelles binding occurs which can be proved by increasing molar ratio [82] . The presence of competing ions in the solution resulted in decrease of removal efficiency of a specific ion and caused an increase of the other ion because of different binding powers of anions and cationic surfactant micelles.
Modification and Combination of MEUF Process
The application of surfactant in MEUF cause secondary pollution in the water stream, therefore, surfactant concentration is a concern and should be dealt with [66, 82, 89] . To combat this issue different combinations of MEUF are used and this section will present those modified MEUF techniques.
MEUF and Electrolysis Combination
A hybrid process combining MEUF and electrolysis process to retain metals where electrolytic process removes metal ions continuously from the system and detaching them from surfactant micelle-metal complexes. Afterwards, surfactant micelles are capable to retain metal ions entering the system. A comparative study for copper removal by using membrane only, membrane-electrolysis and MEUF processes, showed that copper removal efficiency through integrated hybrid system was better with less surfactant consumption and shorter hydraulic retention time than others [83] . Although copper removal efficiency of the hybrid system is better through electrolysis-membrane process, but addition of SDS further increased the ability of retaining and concentrating copper for higher copper removal.
Combination with Polyelectrolyte-enhanced Ultrafiltration
In polyelectrolyte-enhanced ultrafiltration (PEUF), surfactant is replaced with polyelectrolytes which results in change of type of formed micelles. The removal efficiency of lead and calcium by using polyacrylic acid (PAA) as a polyelectrolyte at pH 4, was noted as 97% and 25%, for Pb and Ca, respectively [90] . Previous studies proved that ultrafiltration is an acceptable technique for the removal of solutes by using surfactant micelles and polyelectrolytes.
MEUF Combination with Flocculation
The MEUF combination with flocculation is efficient as presented, by addition of Al 3+ in the solution of Zn 2+ and SDS micelle, flocculants supported the micelles floc formation and increased zinc removal efficiency [91] . But a competition between Zn and Al 3+ arise to catch the micelles surface at higher concentration of zinc which results in decrease of flocculation. Another study illustrated that resistance to gelation is more for combined Al 3+ and SDS as compare to free SDS micelles [92] . Moreover, fouling chances are higher in the presence of colloidal matter and due to partial flocculation and micelles flocculation stopped the micelles to form larger ones.
MEUF Combination with Ligands
In this process ligands are used in addition to surfactants for complex formation which solubilize in the micelles for maximum removal of the targeted ions. In a study copper removal efficiency was investigated by using three different ligand including EDTA, NTA, and citric acid. The copper removal efficiency decreased with increasing ligand/copper ratio due to the competition between ligand and SDS in copper complex formation [44] . It was observed that by increasing the concentration of water soluble polymeric ligands, the complexation-ultrafiltration becomes more productive because of concentration polarization on the membrane surface and thus metal removal increases [93] . On the contrary, cationic surfactants application presented higher removal efficiency such as CPC as a surfactant and NTA as ligand showed copper removal > 90%, but decreased with increasing EDTA ligand concentration. The results of CPC as surfactant comply with results when CTAB is used as surfactant as studied by [43] . Moreover, removal of Pd and Pt by using PADA as ligand, was noted as 98% and 2%, respectively when SDS used as a surfactant which was caused due to a much stronger complex of ligand with Pd [94] . Few examples are summarized in Table S2 , for further experimental parameter values check the references.
MEUF Combination with Active Carbon Fiber (ACF)
Another combination of MEUF-ACF process, where after MEUF, ACF is used to remove the residual surfactant through adsorption [10, 11, 41, 57] . This technique is helpful to remove metal ions as well as surfactant efficiently through adsorption. Previous studies with application of MEUF-ACF are presented in Table S3 .
In conclusion, ACF combination with MEUF proved a good quality control system for metal removal from an aqueous solution. According to previous studies MEUF is an efficient and applicable technique for heavy metals removal from aqueous solution but secondary pollution caused by surfactant should be addressed before being discharged or recycled for industrial applications. For economic point of view combination of MEUF-ACF process is more complex, costly and surfactant recovery is also a challenge. For better performance of MEUF process, the researchers should focus on selecting best possible combination of membranes and surfactants.
MEUF Combination with Ozone (O 3 ) and Powdered
Activated Carbon (PAC)
In a study efficient removal of SDBS surfactant was reported by using O 3 and PAC where oxidation of OH radicals and adsorption of organic occur on to the PAC surface [95] . In this technique 18% of SDBS removed by O 3 at the concentration 2.8*10 -5 M of SDBS while overall removal was more than 70% within 5 min. of hydraulic retention time [95] . Another chromate removal study by CTAB-enhanced cross flow microfiltration (CFMF) process was found 18-78%, it could be increased up to 88-90% approximately by addition of PAC to the CTAB-enhanced CFMF process. Furthermore, CTAB removal by using CTAB-enhanced CFMF was almost in the range of 10-54%, while addition of PAC enhanced CTAB removal up to 78.5-92.5. It is evident from this study that addition of PAC to surfactant-enhanced MF resulted in the increase of both chromate and CTAB removal about 90% [96] . But at higher dosing rate of PAC both chromate and CTAB removal decreased. In this study authors also stated that PAC size should be large enough to avoid the clogging of micro-filter.
Future Recommendations for MEUF Process Optimization
As mentioned earlier in this review paper MEUF is an adaptable separation technique for the removal of various pollutants from aqueous solutions, but till now it has not been accepted in water treatment. Although application of MEUF to real wastewater presented good results including > 98% arsenic removal by using CPC as surfactant [33] , cadmium 84%, copper 75% when SDS was used as surfactant [97] and > 95% removal of lead by using SDS/TX-100 [38] surfactant but currently there is no industrial scale application yet.
MEUF has disadvantages which should be addressed first before scaling up and for further industrial applications. The one of the important problem is the secondary pollution caused by surfactants and it requires post treatment of permeate water [7, 9, 98] . It was noted in various studies that surfactants have high CMC values and are less biodegradable so it is need of hour to search for such surfactant which have low CMC to forms large micelles with very good binding properties and must be biodegradable. Despite the fact that bio-surfactant are environmentally friendly but available studies with application of bio-surfactants in MEUF process are limited which should be extended further for future research work. Additionally, the suitable and economical techniques for surfactant recovery are equally important because without surfactant recovery MEUF process is not economical as it requires fresh surfactant for every batch to remove targeted pollutant.
Another major problem in MEUF process is the flux, which can be controlled by the operating conditions. Due to large flow rates of real wastewater treatment plants high flux of MEUF process is needed. To handle large volume in short time is possible by increasing either membrane surface area or the permeate flux. It is hard and uneconomical to increase membrane surface area so only by increasing permeate flux we can minimize this problem. In operating conditions pressure is the only one parameters which can increase the flux up to a certain value in previous studies we observed that flux can be increased by an external electric field application but this might be difficult on a larger scale. Moreover, membrane fouling decreases the life of membrane and ultimately increases operational cost, therefore fouling-resistant membranes which have minimum surfactant adsorption capacity are required. In the last, most of previous studies were done with simulated water and future studies with real water will present a better idea of MEUF performance in the presence of other ions and salts. As per studies, water treatment via MEUF is uneconomical and environmental issues are also there due to which this technique is not operable on large scale applications. But the basic concept of MEUF, opened new horizons for recovery and separation of valuable metals like catalysis recycling in various industries other than water treatment.
Conclusions
As shown by the multiple examples in this review, for either removal or recovery of solutes, MEUF is a versatile technique which allows for an efficient treatment of aqueous solutions containing solutes at lower concentrations. The selection of appropriate process conditions is the key to a successful application of MEUF. A variety of heavy metals can be applied for which a desired interaction with the surfactant can be established, finally resulting in enrichment factors > 99%. These high values are not limited to aqueous solutions of single solutes only and can be extended to mixtures of different solutes, e.g., multiple ions. The interaction of the solute/s with the micelles is an important parameter to obtain a higher efficiency in MEUF process with respect to removal/recovery and can be evaluated based on different ways, e.g. by solute distribution, loading of micelles, or even solute adsorption on the micelles. A higher surfactant concentration will result in a higher number of micelles, but lower loading of the micelles. Many examples showed that a molar surfactant-to solute ratio of 10 is sufficient to obtain high retention values in MEUF. However, the flux is determined by the interaction of the surfactant/micelles with the membrane under applied process conditions. Usually, flux decreases with increasing of surfactant concentration, but as shown in this paper, the application of an external electric field might be beneficial for flux enhancement in the presence of ionic surfactants. Otherwise, an optimal surfactant concentration with respect to flux and removal/recovery efficiency must be found. Although many of the reviewed papers perform single-step MEUF, a multi-step MEUF process with different membranes (for high flux or high retention) could result in better performance, but there can be a question of operational costs. One of the major problems of MEUF is still the leakage of surfactant, at least with the surfactant's CMC, into the purified water stream. Some possible methods for lower surfactant discharge were discussed and observed that combined MEUF-ACF process presented better results. As the discharge of surfactant, even at lower concentrations than the CMC, might be problematic for the environment, the application of bio-surfactants or large amphiphilic aggregates with good bio-degradability should be promoted in MEUF. Some research has been already conducted with the application of rhamnolipids. MEUF process has been used for the removal of heavy metals including copper, chromate, zinc, nickel, cadmium, cobalt, serenium, and arsenate. Operating pressure, surfactant concentration, pH of solution, temperature, presence of nonionic surfactant and salt, membrane type and its pore size and inhibiting additives such as EDTA, citric acid, competing metals highly effect on the removal of heavy metals and surfactants from aqueous solution through ultrafiltration.
